During the Quaternary, large climate oscillations had profound impacts on the distribution, 10 demography and diversity of species globally. Birds offer a special opportunity for studying these 11 impacts because surveys of geographical distributions, publicly-available genetic sequence data, and 12 the existence of species with adaptations to life in structurally different habitats, permit large-scale 13 comparative analyses. We use Bayesian Skyline Plot (BSP) analysis of mitochondrial DNA to 14 reconstruct profiles depicting how effective population size (Ne) may have changed over time, 15 focussing on variation in the effect of the last deglaciation among 102 Holarctic species. Only 3 16 species showed a decline in Ne since the Last Glacial Maximum (LGM) and 7 showed no sizeable 17 change, whilst 92 profiles revealed an increase in Ne. Using bioclimatic Species Distribution Models 18 (SDMs), we also estimated changes in species potential range extent since the LGM. Whilst most 19 modelled ranges also increased, we found no correlation across species between the magnitude of 20 change in range size and change in Ne. The lack of correlation between SDM and BSP 21 reconstructions could not be reconciled even when range shifts were considered. We suggest the 22 lack of agreement between these measures might be linked to changes in population densities 23 which can be independent of range changes. We caution that interpreting either SDM or BSPs 24 independently is problematic and potentially misleading. Additionally, we found that Ne of wetland 25 species tended to increase later than species from terrestrial habitats, possibly reflecting a delayed 26 increase in the extent of this habitat type after the LGM. 27
Introduction
available habitat for a given species (Lorenzen et al. 2012; Foote et al. 2013; Calderón et al. 2016 ). 48 One popular approach for reconstructing possible changes in available habitat for a species through 49 time is the use of bioclimatic Species Distribution Models (SDMs) (Elith and Leathwick 2009) . 50
Modelling algorithms combine data on occurrences with environmental data to describe a species' 51 natural distribution and then simulate how changes in predictor factors may have influenced this 52 available niche space over a period of interest. The underlying logic in linking these approaches is the Last Glacial Maximum (LGM). Such populations would be characterised by a steep increase in Ne as they recovered from the local bottleneck associated with the founder event (Fig. 1C) . 82 Figure 1 . Three scenarios that might lead to an increase in Ne without a change in range size. The top half of each panel represents a pair of schematic maps of the species range at the LGM (right) and present day (left). The density of colour within each range ellipse shows population density. Circles on the map represent the genetic sampling location. The scenarios are: A) An increase in population size without a change in range recovers an increasing BSP profile. B) Core area today was only marginally suitable in the past, range size remains the same but local amelioration has led to a strong local increase in Ne. C) Sampled populations inhabit areas outside the species range in the past. BSP recovers a steep increase in Ne associated with founder event.
The extent to which changes in population density and bottlenecks related to range shifts can 83 override the signals linked to changes in range size and the overall metapopulation size is unknown. 84
In the current paper, we mined GenBank to compile a comprehensive dataset of publicly-available 85 mtDNA sequence data from many species of Holarctic birds, and reconstruct their population 86 dynamics using Bayesian skyline plots (BSP) in BEAST2 (Bouckaert et al. 2014) . A simple prediction, 87 based on the relative changes of habitat types as reconstructed from the pollen record (Allen et al. 88 2010), is that species associated with forests (close habitats) should have increased since the LGM, 89
whilst species from open and semi-closed habitats (such as grasslands and steppes) should show a 90 decrease. However, species have more complex niche requirements than a simple association with 91 a broad habitat type, and a more realistic prediction is that Ne should change in line with changes in 92 extent of the potential geographical range, such as that reconstructed by bioclimatic SDMs. We therefore reconstructed changes in modelled potential range extent between the LGM and the 94 present, using paleoclimate reconstructions and Species Distribution Models, and investigated the 95 relationship between Ne changes and range size changes. In the case of wetland species, for which 96 reconstructing detailed individual ranges in the past is challenging because they depend upon 97 habitats whose extent is not easily reconstructed, we compared their demographic reconstructions 98 to species from other major biomes to investigate whether there was any consistent pattern in their 99 response to climatic amelioration in the Holocene. 100
Results

101
Summary of available BSPs 102
Based on criteria of having a minimum of 10 individuals sequenced for either the NADH 103 dehydrogenase subunit 2 (ND2) or cytochrome b (cytb) genes from the mitochondrial genome 104 (mtDNA), a scan of GenBank yielded a preliminary dataset of 208 species. From these, datasets 105 were discarded for the following reasons: insufficient haplotypes captured for demographic 106 reconstruction (< five), insufficient sequence length (< 200bp), sequences across studies not from 107 comparable sections of the gene, haplotype frequencies not published, an inappropriate sampling 108 strategy used by the original study (e.g. non-random sampling, localised island populations) or 109 extensive population sub-structure (see Materials and Methods for details on the criteria used to 110 select suitable datasets). Application of these criteria left 167 datasets for BSP analyses. All these 111 datasets were analysed with BEAST using a Bayesian Skyline Plot and, with one exception (King Eider, 112
Somateria spectabilis), they converged successfully. We note that in BEAST, we adopted a strategy 113 of resizing the 'bGroupSizes' parameter (see Materials and Methods), potentially constraining the 114 level of detail recoverable in the profiles but ensuring that a large volume of variable quality 115 datasets could be analysed using the same settings (and thus providing comparable estimates). last deglaciation, or profiles showed patterns of expansion or contraction that predated the time 126 period of interest, Marine Isotope Stage 3 (~60 kya, n=18) (Van Meerbeeck et al. 2009 ). Note that, 127 even among the profiles we accepted, there remains great variation in depth due to the sparser and 128 more stochastic branching patterns at the bases of the trees, which cause many profiles either to 129 truncate or to 'flatline'. Thus, the oldest population size estimates tend to be approximations both 130 because of the reduced information content that impacts all profiles, and the need to use the points 131 of truncation in short profiles or flatline states as the oldest size. For the two species where multiple 132 lineages were identified (pine grosbeak, Pinicola enucleator, and horned lark, Eremophila alpestris), 133 two separate BSP analyses were performed and an average of the estimates was taken for 134 downstream analysis. 135
Applying the above filters left 102 qualifying species BSP profiles for further analysis. These species 136 inhabit a wide range of habitats Closed (n=43), Open (n=17), Semi-closed (n=25), Wetlands (n=12), 137 and Other (n=5); see Materials and Methods for a description of how habitats were grouped. There 138 was no indication that species associated with particular habitats were more or less likely to be 139 excluded (p = 0.77, Fisher's Exact Test, excluding the 'Other' category as it had too few species for 140 testing). Skyline profiles encompass a wide range of shapes, variously exhibiting a single sharp point found in the proportion of ND2/cytb genes in each habitat type (p = 0.78, Fisher's Exact Test, Only 3 out of 102 species showed an overall decrease in Ne over time, with 7 showing no sizeable 147 change, all other species (n=92) increasing to some degree. The direction of change was not 148 associated with habitat (p = 0.457, Fisher's Exact test, excluding the 'Other' category), nor was its 149 magnitude (gls p ≥ 0. 402 for backbone E and p ≥ 0.386 for backbone H, lm without phylogenetic 150 correction p = 0.667; Fig. 2A ). This result is rather extreme, but it could be the consequence of most end, we had credible SDMs for 96 species; 5 species had to be excluded as we there were insufficient observation points left for analysis after data thinning, and one species was rejected as its SDMs led 168 to a present day projection much larger than the observed range ( Supplementary table 2 ). For the 169 valid SDMs, we generated projected ranges for the LGM (21 kya) and present day and quantified the 170 changes in range size. 171
As was the case for Ne changes, the majority of species showed an increase in reconstructed range 172 extent since the LGM (76 out of 96). However, the proportion of species showing an increase in 173 range extent was significantly smaller than the proportion with increased Ne (p = 0.004, data subset 174 to the 96 species for which both analyses were available). Whilst there was variation among groups 175 of species associated with different habitats in the magnitude of change in range extent (gls with 176 phylogenetic correction: p≤0.0001 for all 1000 resolutions of both backbone E and backbone H, lm 177 without phylogenetic correction p = 0.0001, Fig. 2B ) and the direction of change in range extent (p = 178 0.009, Fisher's Exact Test, excluding the 'Other' category), there was no significant match between 179 the direction of the trend in BSP and SDM reconstructions ( Supplementary Fig. 1 , Fisher's Exact Test 180 p = 0.587). Neither was there a significant positive correlation across species between the signed 181 magnitudes of the changes in the two measures ( Fig. 2C ; gls with phylogenetic correction: p≥0.994 182 for all 1000 resolutions of backbone E and 1000 resolutions of backbone H, lm without phylogenetic 183 correction p = 0.994). Furthermore, taking into account changes in the location of the range (i.e. the 184 proportion of overlap between LGM and present range) also failed to explain the changes in Ne as 185 reconstructed by BSP ( Fig. 2D ; gls p≥ 0.734 for backbone E and p≥ 0.734 for backbone H, lm without 186 phylogenetic correction p = 0.734). Major size change events in wetland-associated species tended to be more recent than for species 192 from the other three habitats (gls p≤0.044 in 1000 resolutions of backbone E and p≤0.044 in 1000 193 resolutions of backbone H, lm without phylogenetic correction p = 0.044). Similar results were 194 obtained when we excluded species which changed less than 10% in Ne (which might have added 195 noise) ( Supplementary Fig. 2 ). When using molecular evolution rates from Nabholz et al. (Nabholz et 196 al. 2016 ) 'Calibration set 4' the timing of all expansions are generally consistent with a response 197 associated with the Last Glacial Maximum (LGM). However, we note that using the rate from 198 'Calibration set 2' (which includes older nodes than set 4) would recover older expansion dates (data 199 not shown); given that such dates would correspond to periods of high ice coverage they seem less 200 likely. 201 the modelled extent of the geographical range also indicated increases for most species, though the 214 proportion of increases was lower than for Ne. However, we could find no association across species 215 between the direction or magnitude of change in Ne and habitat or range reconstructions. 216
Species with very large ranges at present are the likely "winners" in terms of their response to 217 climatic change and are thus more likely to show an increase in range and population size from the 218
LGM. Widespread species might also be more likely to have been sampled. Indeed, we found that 219 the majority of species we sampled showed an increase in range size based on SDMs. However, the 220 proportion of expanding species according to SDMs was much lower than the one observed for BSPs, 221 thus failing to fully explain the ubiquity of expanding BSPs, and there was no statistical association 222 between changes since the LGM as reconstructed by BSP and SDM. 223 local dynamics in a given population/small geographic region rather than the whole range). despite a range contraction to be associated with large shifts; this is not the case (Supplementary 228 arguably, the best strategy is to couple the two approaches, as only their combined results might 251 provide a good overview of the fate of a species. 252
The timings we find for when population expansions occurred agree broadly with those of changes 253 in climate after the LGM. Dates were based on mitochondrial mutation rates calibrated for body size 254 and based on a calibration set that included relatively young species splits (Nabholz et al. 2016) , and 255 thus likely to give faster mutation rates (i.e. less affected by selection) that were appropriate for 256 within species analysis (Howell et al. 2003; Penny 2005; Ho 2007 ). We note that using a calibration 257 set that included older species splits (Nabholz et al. 2016 ) would lead to much older (well before the 258 last glaciation), and thus less realistic changes in effective population sizes. However, we strongly 259 caution the reader that mutation rates calibrated by bird body size, whilst the best available option 260 for comparative analysis, are likely to be very noisy, and individual species estimates should not 261 overly interpreted. Ideally, we would need taxon-specific mutation rates (Hope et al. 2014) which 262 are simply not available for the number of species we are investigating in this study. Having said 263 this, the fact that species from the same habitat tend to yield broadly similar profiles gives us 264 confidence that the relative timings are likely robust, even if the absolute values still have room for 265 improvement. 266
We found that changes in Ne for wetland-associated species have occurred more recently than those 267 from terrestrial habitats. Although the significance is marginal when based on point estimates for 268 the date of most rapidly changing size, the finding is supported by multispecies index analysis, which 269 also reveals a pattern of later expansion among wetland species. Compared to many terrestrial 270 habitats, wetlands tend to be less stable. 
Materials and Methods
294
Raw Genetic Data: We assembled two databases, one for NADH dehydrogenase subunit 2 (ND2) 295 and one for cytochrome b (cytb); these two genes are among the most frequently uploaded avian 296 mtDNA loci in GenBank. We first collated summary information on all available avian ND2 and cytb 297 sequences in GenBank using a custom R script, and then screened it for Holarctic species using the 298 list of Voous et al. (Voous 1977) . We only retained species with more than 10 accession for either gene; when a species had sufficient data for both ND2 and cytb, sequences for each gene were 300 extracted and handled as distinct datasets. 301 Alignment: Sequence data for each species / gene combination come from multiple independent 302 studies and often differ in the gene region they analyse. Comparable regions were found by aligning 303 sequences in MEGA (version 7.0; (Kumar et al. 2016) using the programme ClustalW (Thompson et 304 al. 1994) . Sequence data for each taxon were then trimmed to the longest common section 305 between all samples. If inclusion of a single sequence required the loss of >200bp from more than 306 50% of the other sequences, that sample was excluded. Furthermore, all positions containing 307 insertions, deletions or sequencing ambiguities were removed. When studies uploaded only one 308 copy of each haplotype, we used haplotype frequencies from the associated publications to 309 generate the appropriate number of copies in our database. Publications that lacked haplotype 310 frequency were excluded from the analysis. After frequency correction the available sample sizes 311 varied from 11 to 453 sequences per species, with lengths from 236 base pairs (bp) to 1137 bp. 312 Median Joining Networks: For each species / gene combination, we built a median joining network 313 (MJNs) in POPART (Leigh and Bryant 2015) . If the MJN contained long branches, defined as 30 or 314 more nucleotide substitutions on a single branch, the sampling location for that species was 315 reviewed because such long branches are indicative of profound population substructure. If clear 316 geographical separation or grouping was found, the data were divided as appropriate and treated as 317 discrete datasets. Single samples with >30 mutations on a branch were considered extreme outliers 318 and dropped from alignments. 319
Mutation Rate: Recent work (Nabholz et al. 2016) proposes that body-mass can be used to inform 320 more accurate calculations of taxon-specific substitution rates and provides a correction factor for 321 variation in rates according to body mass as well as major mtDNA loci. We created dataset-specific 322 molecular evolution rates using the body mass / gene correction factors from Nabholz et al. (2016) 323 'Calibration set 4' (3 rd codon position), as it includes younger species splits that should lead to 324 estimates more appropriate for within the within species dynamics that we investigated in our paper. Due to the uncertainty surrounding mutation rates, analyses based on 'Calibration set 2' approach, and its inherent robustness, makes it particularly suitable for the heterogenous quality of 330 datasets investigated in this paper. For each dataset, BSP analyses were implemented in BEAST2 331 Inclusion Criteria: Where data were available for both ND2 and cytb BSP profiles were compared 341 along with summary statistics on each dataset. When profiles were in agreement, the best 342 supported dataset was retained, e.g. largest sample size, longest sequences, to represent that 343 species' history. If profiles were not concordant but there was a clear disparity in the quality of the 344 datasets, we again kept the profile from the better dataset. If the profiles did not show similar 345 trends, and there was no difference in the data quality, we conservatively rejected both profiles. For 346 inclusion in further analysis, profiles needed to have a history deeper than 5 thousand years ago 347 (kya) but shallower than 1 million years ago, and also have recovered a change event (increase and / 348 or decrease) dated within the last 60 kya. 349 habitat categories, no classification system can be perfect. We used the expert ornithological size, while others showed sharp and / or multiple points of inflection. We chose to identify 363 inflection points using a custom algorithm, however, as timings could be confounded by the capture 364 of local optima we also used visual inspection of the plotted data and a custom R script to review 365 and extract exact timings. The 'algorithmic' method used a moving window approach, repeated for 366 five different window sizes. In each window a linear regression was fitted, and its equation used to 367 remove any slope, before fitting a second order polynomial and recording the difference in y-axis 368 value between the mid-point and the average start and end of each window. This method usually 369 identifies one point of maximum turn (increase or decrease) but the visual inspection of each plot 370 allowed us to capture any additional size change events that were present. 371
Size change: To compare the magnitude of estimated population expansions within the period of 372 interest, the relative population size change between 60 kya and 5 kya was calculated. Ne at 60 kya 373 and 5 kya was interpolated for each BSP profile and where profiles were shorter than 60 kya the 374 population was assumed to be the size at the start of profile. Given the uncertainty of molecular 375 methods we prefered to use size estimates from 60 kya / the earliest possible point instead of estimating the size at the height of the LGM (21 kya) where it is more likely the analysis would catch 377 profiles already undergoing demographic change as a result of climatic events. 378
We also created a multispecies index (MSI) to further explore the changes in Ne. MSI is a form of 379 average profile based on the average ratio of estimated population size between adjacent time 380 points. Specifically, for each pair of adjacent time points we calculate the geometric mean of the 381 ratios of all species for which data exist. We reconstructed a profile for each broad habitat grouping 382 based on these ratios, working back from the present which is assigned a value of 1. Opportunistic observations, such as those collected in the GBIF database, tend to have geographic 417 biases in sampling effort. In order to reduce the risk of geographic sample bias affecting the SDMs, 418 the dataset was thinned using the R package spThin (Aiello-Lammens et al. 2015), a minimum 419 distance of 70 km was enforced between observations. Given the random nature of removing 420 nearest-neighbour data points, this process was repeated 100 times ('rep' = 100) but in order to 421 keep as much information as possible the result which kept the maximum number of observations 422 after thinning was retained for downstream analysis. 423 and thinning (Stockwell and Peterson 2002) . The thinned dataset was used as presences, the whole 426 region (i.e. the land mass of Eurasia or North America) as background, and then the same number of 427 pseudo-absences as presences were randomly drawn of from outside the BirdLife resident and 428 breeding masks 5 times, creating 5 independent datasets for further analysis. We found that the 429 most effective strategy to retrieve SDMs for the present day that were consistent with the best 430 available estimates of species' modern day range, as provided by BirdLife resident and breeding 431 masks, was to draw pseudo-absences from outside these masks. By confirming that the estimated 432 distributions recovered for the modern day were in accord with the BirdLife range predictions we 433 were confident that the modelled niche being projected to the past was with as accurate as possible 434
(an example using the Passer domesticus dataset is given in Supplementary Fig. 4 ). 435 if it contains only absences. For this reason, given the great variety of distribution of the species 444 analysed, we decided to maximise the probability of having at least some presences in all data splits 445 by creating 15 spatial blocks encompassing the whole region of interest, either North America (East-446
West bands) or Europe (North-South bands). Each block was given an ID, numbered sequentially 1-447 5, the 15 blocks were then grouped into five working data splits by these ID number. 448
The models were run based on each of the four mentioned algorithms five times (once for each 449 pseudoabsence run), using in turn four of the five defined data splits to calibrate and one to evaluate
